The effect of &beta;-carotene (BC) on the development of pulmonary foam cells (PFCs) was studied in rats with diet-induced hyper &beta;-lipoproteinemia. Rats were fed a standard diet; a hyper-&beta;-lipoproteinemic diet (HB) consisting of the standard diet, 4% cholesterol, and 1% cholic acid; or the standard diet plus 0.1% BC; or the HB diet plus 0.1% BC diet (HBC). Rats in the HB and HBC groups developed hyper-&beta;-lipoproteinemia, but no significant differences were observed in serum levels of total cholesterol, phospholipid, and &beta;-lipoprotein (B-LP) between both groups. The percentages of foamy, lipid-ingested monocytes (FMs) to the number of blood monocytes (BMs), the number and size of lipid droplets in FMs, the percentages of PFCs to the number of alveolar macrophages from bronchopulmonary lavage fluid, and the score of PFC development in the lungs of rats in the HBC group were reduced compared to those of rats in the HB group. There were no differences in latex-phagocytotic activity of BMs among rats in the control, HB, BC, and HBC groups. BC suppressed the foamy transformation of BMs and development of PFCs deriving from the influx of FMs into the alveoli of hyper-&beta;-lipoproteinemic rats. Based on the present results, it is presumed that the antioxidative property of BC may prevent an oxidative modification of B-LP under the hyper-&beta;-lipoproteinemic condition, leading to a decrease in the uptake of oxidatively modified B-LP by BMs.
INTRODUCTION
,8-carotene (BC) is a family of provitamin A, a widely distributed food colorant and essentially nontoxic (10, 15) . BC exhibits good radical-trapping antioxidant behavior (6) ; therefore, it suppresses CCl4-induced lipid peroxidation (13) and inhibits lipid peroxidation initiated by singlet oxygen and iron salts in liposomes (12) .
Oxidized low-density lipoproteins (LDL) are now considered to be a candidate for naturally occurring modified LDL in vvo (17, 28) , which would be associated with the lipid incorporation and foamy transformation of macrophages (5, 8, 9, 16) . Our previous studies have revealed that increased concentration of,3-lipoprotein (B-LP) consisting of LDL and 0-very low density lipoproteins in rats markedly enhanced the foamy transformation of blood monocytes (BMs), emigration of latex-labeled BMs into the pulmonary alveoli, and development of pulmonary foam cells (PFCs). This suggests that under hyper-~3-lipoproteine~nic conditions, BMs may ingest an excess amount ofB-LP in blood and emigrate into the pulmonary alveoli as PFCs (21, 22) .
In the present study, in an attempt to determine the relation of oxidized B-LP with the development of PFCs, we examined the antioxidative effect ofBC on the development of PFCs in rats with diet-induced hyper-(3-lipoproteinemia.
MATERIALS AND METHODS
Animals and Diets. Forty-eight male Fischer-344/ DuCrj specific-pathogen-free rats were purchased from Charles River Japan Inc. (Kanagawa. Japan) at the age of 10 wk. Two rats each were housed in a wire mesh cage, and the animals were maintained in a barrier-sustained room controlled at 23 ± 2°C, with a 50 ± 20% relative humiditu and a 12-hr lightdark cycle. The rats were allocated to 4 groups. each consisting of 12 rats. The animals in the control group were given a standard commercial diet for rats (NR-2, Laboratory Animal Research Station, Yamanashi, Japan). The experimental diets were prepared as follows: the standard diet to which was added 4% cholesterol and 1% cholic acid (Kanto Chemical Co., Inc., Tokyo) was used for the hyper-#-lipoproteinemic diet (HB) group; the standard diet plus 0.1 % BC (Nacalai Tesque, Inc., Kyoto, Japan) was used for the BC diet (BC) group; and the HB diet plus 0.1 °1o BC was used for the hyper-~3-lipoproteinemic and BC diet (HBC) group. These diets were stored at 4°C in a dark room until used. The rats had free access to the diets and tap water. Blood Biochemistry. At 10 and 20 wk after the start of feeding, 6 rats from each group were bled from the abdominal aorta under anesthesia following I 7 hr of fasting. The serum was separated from the blood and tested for total cholesterol (TC), phospholipid (PL), triglyceride (TG), total protein (TP), asparate aminotransferase (ASAT), and alanine aminotransferase (ALAT) with a Clinalyzer (JCA-V~ 1000, JEOL Co., Ltd., Tokyo).
Lipoprotein Analysis. The serum was also tested for B-LP with a Clinalyzer. Migration of serum lipoproteins was analyzed by agarose gel electrophoresis. Briefly, 1 III of the serum was applied to the sample well of Agarose Universal Electrophoresis Film (Ciba Coming Diagnostics Corp., MA). The film was set into the electrophoresis cell (Ciba Coming Diagnostics Corp.) and subjected to electrophoresis at 90 V for 35 min at room temperature. After Fat Red 7B staining, the relative percentage of migrated lipoprotein classes was measured with a densitometer (Auto Scanner Flur-Vis, Helena Laboratories, TX) at 520 nm and quantified with an analyzer (Quick Quant III, Helena Laboratories).
Hematology. The method used was previously described (22) .
Cytology of BMs and Alveolar Macrophages. Mononuclear leukocytes were separated from a portion of the blood that was collected from 4 rats of each group. Four ml of the blood was heparinized and overlaid on an equal volume of Histopaque-1077 medium (Sigma Diagnostics, MO) and centrifuged at 1,500 rpm for 30 min. The mononuclear leukocyte fractions were washed twice in cold sterile phosphate-buffered saline (PBS) supplemented with 100 U/ml penicillin and 100 ug/ml streptomycin. Bronchopulmonary lavage was performed on 4 rats from each group. Alveolar macrophages (AMs) were collected from the right and accessory lung lobes by the method described by Phizackerley et al (19) . Cells in the lavage fluid were washed twice in cold sterile PBS.
The mononuclear leukocytes and bronchopulmonary lavaged cells were seeded onto tissue culture chamber slides (LAB-TEK, Nunc. Inc., IL) at 10~c ells/ml in the RPMI1640 medium (Gibco, NY) supplemented with 100 U/ml penicillin and 100 Agl ml streptomycin. The cultures were incubated at 37°C for 60 min in a humidified 5% CO~ atmosphere. The culture medium and nonadherent cells were removed, and the monolayer of adherent cells was rinsed twice in cold PBS, fixed in 10% neutralbuffered formalin, and stained with oil red O. The proportions of foamy monocytes (FMs) to BMs and PFCs to AMs were calculated by observing 2,000 BMs and 2,000 AMs in each cell preparation, respectively. The numbers of lipid droplets in the cytoplasm of FMs were calculated by observing 50 FMs randomly sampled in each cell preparation. The diameters of cytoplasmic lipid droplets in FMs were measured in 50 lipid droplets randomly sampled in each cell preparation.
The indirect immunoperoxidase technique was used for identification of BMs and AMs. Selected cell preparations were incubated with 0.3% H202 in methanol for 10 min at room temperature to block endogeneous peroxidase activity. The preparations were rinsed in PBS and incubated with normal goat serum for 20 min at room temperature, followed by incubation with 1:100 diluted mouse anti-rat monocytes/macrophages monoclonal antibody (MAB 1435, Chemicon International Inc., CA) for 60 min at 4°C. The preparations were rinsed in PBS and incubated with 1:400 diluted peroxidase-conjugated goat anti-mouse IgG Fc fragment antibody (Jackson Immunoresearch Laboratories, Inc., PA) for 60 min at room temperature. After being washed in PBS, the preparations were incubated in 0.05% 3,3'-diaminobenzidine (Lipshaw, MI) with 0.01% H202 and counterstained with hematoxylin. Pathology of the Lungs and Livers. All rats subjected to blood analysis were necropsied. The lungs and livers were fixed in 10% neutral-buffered formalin. Two parts of the left lung, which had not been used for bronchopulmonary lavage, and 1 part of the liver were examined by light microscopy as described previously (22) .
Phagocytotic Activity of BMs. At feeding weeks 10 and 20, a portion of mononuclear leukocytes from 4 rats of each group was cultured in the tissue culture chamber slides at 105 cells/ml as already described. After incubation at 37°C for 60 min, nonadherent cells were removed and adherent cells were rinsed twice in cold sterile PBS and further incubated in the culture medium containing 0.001 % fluorescein isothiocyanate-labeled latex particles 0.72 m in diameter (Japan Synthetic Rubber Co., Ltd., Tokyo) for 5, 15, 30, and 60 min. The cell preparations were rinsed twice in cold PBS to remove noningested latex particles and fixed in 10% neutralbuffered formalin and stained with oil red O. The TABLE L-Serum levels of lipids and B-LP and percentages Qf ~-LP in serum lipoprotein electrophoresis in rats fed a standard diet or 3 different experimental diets. Q Mean ± SD of 6 rats. b Significantly (p < 0.01) different from the mean of the control group. e Significantly (p < 0.001) different from the mean of the control group. d Significantly (p < 0.05) different from the mean of the BC group. . Significantly (p < 0.01 ) different from the mean of the BC group. f Significantly (p < 0.001 ) different from the mean of the BC group.
proportion of latex-ingested BMs to normal BMs was calculated by observing 400 BMs in each preparation.
Statistical Analysis. The statistical significance was assessed by Student's t-test for differences between the control and HB groups, the control and BC, HB, and HBC groups, and the BC and HBC groups within each feeding period and each incubation time examined.
RESULTS

Blood Biochemistry and Lipoprotein Analysis
The serum levels of TC and B-LP were significantly (p < 0.0 to p < 0.001 ) higher in the HB and HBC groups than in the control and BC groups at feeding weeks 10 and 20. The PL levels in the HB group at feeding week 20 and in the HBC group at feeding weeks 10 and 20 were also significantly (p < 0.05 to p < 0.001 ) higher than those in the control or BC group (Table I ). In the serum lipoprotein electrophoresis, the percentages of B-LP fraction were significantly (p < 0.01 to p < 0.001) greater in the HB and HBC groups at feeding weeks 10 and 20 than in the control and BC groups (Table I ).
There were no significant differences in the levels of TC, PL, and B-LP as well as in the percentages of B-LP electrophoresis between the control and BC groups and between the HB and HBC groups at both feeding periods.
The serum TP levels were significantly higher in the HB and HBC groups than in the control and BC groups at feeding week 10 (p < 0.01 in both groups) and at feeding week 20 (p < 0.001 in the HB group, p < 0.01 in the HBC group) (Table II ). The TP level was also significantly (p < 0.001 ) higher in the BC group at feeding week 20 than in the control group. The albumin levels were significantly (p < 0.05) = Significantly (p < 0_01 ) different from the mean of the control group. d Significantly (p < 0.001 ) different from the mean of the control group. , Significantly (p < 0.05) different from the mean of the BC group-' Significanth (p < 0-0 1) dilferent from the mean of the BC group. a Significantly (p < 0.001) different from the mean of the BC group. * Significantly (p < 0.01 ) different from the mean of the HB group. Significantly (p < 0.00 I) different from the mean of the HB group.
Fm. 1. -Percentages ofFMs (a) and PFCs (b) calculated by observing 2,000 cells in preparations of 4 rats from each group. Values represent mean ± SD. Significant differences : *p < 0.05 and **p < 0.01 from the control group, +p < 0.05 and +++p < 0.0p 1 from the BC group, and tp < 0.05 and ttp < 0.01 from the HB group. lower in the HB and HBC groups than in the control and BC groups at feeding week 20. The ASAT levels were significantly (p < 0.001 ) higher in the HB and HBC groups at feeding week 20 than in the control and BC groups, whereas the ASAT level in the BC group at feeding week 10 was significantly lower (p < 0.05) than that in the control group, and the level in the HBC group at feeding week 20 was also significantly (p < 0.001 ) lower than that in the HB group. The serum ALAT levels were significantly higher in the HB and HBC groups than in the control and BC groups at feeding weeks 10 (p < 0.01) and 20 (p < 0.001 ), whereas the levels were significantly (p < 0.01) lower in the HBC group than in the HB group at both feeding periods. 
Hematology
The mean numbers ± standard deviations of white blood cells (WBCs) in the control, HB, BC, and HBC groups ranged from 60 ± 8 to 69 ± 11 x 10z/mm3 at feeding week 10 and from 53 ± 12 to 64 ± 7 x 102/mm3 at feeding week 20. The mean percentages ± standard deviations of monocytes in the control, HB, BC, and HBC groups ranged from 0.8 ± 0.5 to 1.8 ± 0.4 at feeding week 10 and from 3.1 ± 1.2 to 4.1 I ± 1.9 at feeding week 20. There were no significant differences in the total number of WBCs and in the percentages of monocytes between the control and HB groups, between the BC and HBC groups, between the control and BC groups, and between the HB and HBC groups at both feeding periods.
Cytology of BMs and AMs
The morphologies of BMs, AMs, FMs, and PFCs were similar to those that have been described in our previous paper (22) , and these cells reacted positively with MAB1435. Both FMs and PFCs contained lipid droplets in their cytoplasm. The percentages of FMs and PFCs in each group were greater at feeding week 20 than at feeding week 10 (Fig. 1) . The percentages of FMs were significantly (p < 0.01) higher in the HB group than in the control group at both feeding periods; the percentages were significantly (p < 0.05 to p < 0.001) higher in the HBC group than in the BC group at both feeding periods and were significantly (p < 0.05) lower than in the FIG. ~.-(a) An FM containing 2 lipid droplets in the cytoplasm from a rat receiving the standard diet for 20 wk. (b) An FM containing many large lipid droplets in the cytoplasm from a rat receiving the HB diet for 20 wk. (c) An FM containing a tiny lipid droplet (arrow) in the cytoplasm from a rat receiving the BC diet for 20 wk. The size of lipid droplet is evidently smaller than that of the FM in the control rat shown in a. (d) An FM containing several lipid droplets in the cytoplasm from a rat receiving the HBC diet for 20 wk. The number and size of lipid droplets are evidently smaller than those of the FM in the hyper-~3-lipoproteinemic rat shown in b. Oil red 0 stain. x 2,500.
HB group at feeding week 20; and the percentages were significantly (p < 0.01) lower in the BC group than in the control group at feeding week 20 (Fig.   1 ). The percentages of PFCs were higher in the HB group than in the control group at both feeding periods but no significant differences were observed (p > 0.05) between both groups; the percentages were significantly (p < 0.01 ) lower in the HBC group than in the HB group at feeding week 10; and the percentages were significantly (p < 0.05) lower in the BC group than in the control group at feeding week 20 (Fig. 1) .
The numbers of lipid droplets in FMs in the HB group were significantlv (p < 0.05 to p < 0.001 ) greater than those in the control group at both feeding periods and the numbers were significantly (p < 0.01 to p < 0.001 ) greater in the HBC group than in the BC group at both feeding periods, whereas the numbers were significantly (p < 0.05) smaller in the HBC group than in the HB group at feeding week 10 (Figs. 2 and 3 ). In addition. the sizes of lipid droplets contained in FMs in the BC and HBC groups were evidently smaller than those in the control and HB groups at both feeding weeks, respectively (Table III and Fig. 3 ). 
Pathology of the Lungs and Livers
At necropsy, tiny white foci were rarely observed on the lung surfaces of rats in the HB and HBC groups. Hepatomegaly and yellowish discoloration were observed in the liver of rats in these groups. No other gross abnormalities were detected in any rat of all groups.
PFCs were detected histologically in the lungs of the all 6 HB group rats at feeding weeks 10 and 20, whereas PFCs were observed in 3, 2, and 5 of 6 rats at feeding week 10 and in 4, 2, and 6 of 6 rats at feeding week 20 in the control, BC, and HBC groups, respectively. PFCs accumulated mostly in the peribronchial and subpleural regions (Fig. 4) , and occasional PFCs were lying free in the bronchiolar lumina. FMs appeared in the lumina of small vessels in the lungs. PFCs and FMs in the lungs gave a positive reaction to MAB1435. The mean scores of PFC development in the control, HB, BC, and HBC groups were 0.5, 1.3, 0.3, and 1.2 at feeding week 10 and 0.7, 2.3, 0.3. and 2.0 at feeding week 20, respectively. The scores in the HB and HBC groups were significantly (p < 0.05 to p < 0.001) greater than those in the control and BC groups at both feeding weeks.
Peripheral fatty changes in the liver were observed in the HB and HBC groups (Fig. 5 ). Periportal hepatocytes contained a large number of lipid droplets in their cytoplasm. Foamy changes of the sinusoidal endothelial cells were also present in the liver of rats from both groups. On the other hand, no histologic changes were detected in the liver of rats from the BC and control groups. The degree of the liver lesions in the HB and HBC groups became more severe at feeding week 20 than at feeding week 10. No quantitative or qualitative differences were observed between the HB and HBC groups at either feeding period.
Phagocytotic Activity of BMs
The percentages of latex-ingested BMs to the total number of BMs increased progressively in all the feeding groups as the incubation time lengthened. However, no significant differences were observed in the percentages of latex-ingested BMs between feeding groups at any incubation times or either feeding period (Fig. 6) .
DISCUSSION
In the studies reported here, we induced hyper-#-lipoproteinemia in rats by feeding a diet containing 4% cholesterol and 1 % cholic acid. The hyper-3-lipoproteinemic condition was demonstrated by increased serum levels of TC, PL, and B-LP as well as a higher percentage of B-LP in serum lipoprotein electrophoresis. The condition was accompanied with an increased serum level of TP. This may have resulted from an increase in serum concentration of protein components of B-LP, such as apolipoproteins, because a serum albumin level was normal or decreased under the hyper-¡1-1ipoproteinemic condition. On the other hand, BC appeared to have nothing to do with the development of hyperlipoproteinemia, since no significant differences in serum TC, PL, TG, and B-LP levels were observed between rats on the standard and BC diets and between rats on the HB and HBC diets.
In the hyper-¡1-1ipoproteinemic rats, hepatic damage was implied by increased serum levels of ASAT and ALAT and by peripheral fatty change in the liver. It is worth noting that an addition of BC to the HB diet markedly reduced the ASAT and ALAT levels in the hyper-¡1-lipoproteinemic rats. These results suggest that BC may play an important role in alleviating hepatic damage in these rats, although hepatic fatty changes were of almost the same degree in rats on the HB and HBC diets.
No statistically significant differences in the number of WBC and monocyte percentages were observed between the rats with and without hyper-¡1lipoproteinemia and between the rats on the BC and standard diets. These findings indicate that BC did not exert any effect on the number of BMs in the rats with or without hyper-,3-lipoproteinemia. On the other hand, the ratio of FMs to the total number of BMs in the hyper-¡3-1ipoproteinemic rats increased markedly, testifying that the foamy transformation of BMs was enhanced under the hyper-j8-lipoproteinemic condition. An increase in the number of FMs in rats has been produced by feeding a diet with 5% cholesterol and 2% cholic acid (22) . The circulating lipid-laden monocytes have been induced in rats by feeding a diet with high fat contents (1, 14) , and the number of lipid-laden monocytes was related to the blood level of cholesterol (23) .
The addition of BC to the standard or HB diet resulted in significant reductions in the proportion of FMs to BMs and in the number and size of lipid droplets contained in FMs. These observations imply that the dietary administration of BC to rats suppress the ingestion of B-LP by BMs under both hyper-¡3-1ipoproteinemic and normal conditions. An oxidative modification of LDL has been reported to occur naturally in vivo (4, 17, 27) , and oxidatively modified LDL was taken up by macrophages through the scavenger receptor (18. 24) . Macrophage uptake of acetylated, proteoglycan-complexed, and oxidized LDL has been shown to result in the transformation of macrophages into foam cells (5. 20, 28) . On the other hand. it has been demonstrated that LDL peroxidation was prevented by the incu-bation with antioxidants, ubiquinol-10, lycophene, BC, and a-tocopherol (25) and probucol (7, 18) and that an antioxidant, butylated hydrotoluene, completely prevented macrophage degradation of oxidatively modified LDL (24) . In rats on the HBC diet, antioxidative properties of BC seemed to inhibit the oxidative modification ofB-LP in the blood, leading to a decrease in the amount of oxidatively modified B-LP, which would be ingested by BMs via the scavenger receptor. However, the scavenger receptor on BMs of rats with hyper-~3-lipoproteinemia remains to be solved by further studies. Oxidatively modified LDL particles have been shown to undergo aggregation (11) or enlargement (?8) and aggregated particles were actively phagocytosed by macrophages ( 1 1, 26 ). In the present study, the percentage of latex-ingested BMs (i.e., phagocytotic activity of BMs to the latex particles in rats on the HBC diet) was not significantly different from that in rats on the standard, HB, or BC diet. We presumed that the mechanism for phagocytosis of aggregated or enlarged lipoprotein particles by BMs may be essentially different from that of latex particles bv_ BNls. because aggregated LDL particles produced bN incubation with phospholipase C have been reported to be internalized by macrophages via receptor-dependent phagocvtosis (26) . _ FIG. 6.-Mean percentages of latex-ingested BMs calculated by observing 400 BMs in preparations of 4 rats from feeding week 10 (a) and feeding week 20 (b). No significant differences are observed between groups.
A suppression of PFC development in rats on the HBC diet was closely correlated to the decreased number of FMs in their blood. It has been reported in mice in the steady state that most of the AMs were derived directly from BMs (2, 3) . In hyperlipemic rats, circulating lipophages have been shown to penetrate the arterial endothelium to become foam cells (14) . The parallel increases in numbers of FMs and PFCs in hyper-,3-lipoproteinemic rats and the parallel decreases in numbers of both cells in rats on the HBC diet indicate that PFC development is closely associated with the formation of FMs in the blood and their emigration into the pulmonary alveoli. The present results support our previous study describing that migration of FMs into the pulmonary alveoli would be a possible mechanism of PFC development in hyper-¡3-lipoproteinemic rats (22) . The PFC development in rats seems to be indicative of the hyper-,8-lipoproteinemic condition, in which most of the LDLs may receive oxidative modification and may be ingested by BMs via the scavenger receptor pathway.
